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The development of a composite cryogenic fuel tank is 
desirable for the creation of a reusable single-stage launch 
vehicle. The cyclic loading and temperature changes 
experienced during launch and re-entry conditions result in the 
microcracking of conventional composites. To increase the 
fracture strength of this composite, a property often limited by 
the matrix, the nanoplatelet known as graphene or exfoliated 
graphite, has been introduced. Three nanocomposites were 
produced using graphene and Phenylethynyl Terminated Imide 
oligomer (PETI-5). The nanocomposites were machined in to 
flexure samples and tested at room temperature. Results from 
these tests indicate that the ideal concentration of graphene in 
our PETI-5 nanocomposite is 0.08%. 
 
INTRODUCTION 
The development of a lightweight crack-resistant material 
is vital for the creation of cryogenic fuel tanks for reusable 
single-stage launch vehicles. Carbon fiber reinforced polymer 
composites offer high strength to weight ratios, but they are 
susceptible to microcracking when cycled through the extreme 
temperature range of cryogenic temperatures to atmospheric 
reentry [1]. 
Exfoliated graphite, also known as graphene, has gained 
attention in the materials community due to its superior 
electrical and mechanical properties. Graphene nanoparticles 
exhibit a high aspect ratio, high strength, low mass, and a 
negative coefficient of thermal expansion [2]. Graphene has 
also been observed to increase the glass transition temperature 
and storage modulus of epoxy [3]. These properties make it an 
ideal candidate to be included in a carbon fiber reinforced 
polymer matrix for cryogenic fuel tank application. 
Limited studies have been preformed on graphene as a 
nanofiller in epoxy. That which has been reported, indicates an 
increase in Young’s Modulus of 13% and tensile strength of 
18% at cryogenic temperatures with 0.1% mass addition of 
graphene [4]. It is also noted that the shrinking of the epoxy at 
low temperatures and the expanding of graphene due to its 
negative coefficient of thermal expansion creates a strong 
interfacial bond. 
PETI-5 was developed by NASA for high-speed transport 
applications and is the matrix of choice for the development of 
a crack resistant carbon fiber reinforced nanocomposite. The 
PETI-5 was developed such that it would not derogate below 
600 °C with a high glass transition temperature near 250 °C. To 
qualify this matrix for further study with carbon fiber, it is 
tested with the nanofiller graphene. 
DESIGN AND FABRICATION 
Functionalized graphene sheets were used in the production 
of the PETI-5 fracture samples. The graphene was produced by 
rapidly heating fully oxidized graphite. Graphite layers were 
blown apart producing graphene sheets with oxygen 
functionalities. 
PETI-5 was received suspended in N-Methyl-2-pyrrolidone 
(NMP) and was reduced to a PETI-5 powder through rapid 
precipitation. The powder was then dried in vacuum at 85 °C 
for 48 hours. The powder was then ground and dried again. 
From here neat PETI-5 was put aside to produce a plate without 
graphene. For plates with graphene, graphene was added as a 
percent mass and mechanically mixed with the PETI-5 in a 
grinder. 
Once sufficiently mixed, the material was added to an 
aluminum mold. The PETI-5 material was packed very tightly 
into the mold to minimize voids in the cured plates. The mold 
was then placed onto a hot plate and heated to 275 °C where it 
rested for an hour. The top plate was then added to the mold and 
the material was compressed and further heated to 375 °C 
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where it was cured for two hours before cooling. Once cooled, 
the plate was removed from the mold and its density was 
measured and recorded. 
 
Figure 1. PETI-5/graphene nanocomposite plate production 
Table 1. Comparison of PETI-5 plate densities. 
Sample ρ (kg/m3 ) ρ, Percent Difference 
Neat PETI-5 1116 ± 10 0% 
0.08% Graphene 1226 ± 25 10% 
0.12% Graphene 1208 ± 27 8% 
CHARACTERIZATION 
Fracture test samples were machined from the plates 
following ASTM standard D5045-99 as closely as possible 
using a diamond bladed wet saw. An etching bit on a Bridgeport 
was used to create the notch in the sample where a pre-crack 
was added with a sharpened razor blade. A three-point bend test 
setup was under normal atmospheric conditions. 
Fracture testing indicated that the 0.08% mass fraction 
sample had the highest improvement in fracture toughness at 
room temperature. The fracture toughness improvement of the 
0.08% mass graphene sample was statistically significant over 




Figure 2. Fracture toughness results at room temperature 
SEM images of the fracture surfaces confirm the presence 
of graphene in the 0.08% mass graphene sample. The images 
also reveal a brittle fracture surface on the neat PETI-5 sample 
and a quasi-brittle fracture surface on the graphene enhanced 
sample. This is consistent with the increase in fracture 
toughness observed in the fracture testing. 
 
Figure 3. SEM images of the neat PETI-5 fracture surface (A) 
and the 0.08% mass graphene PETI-5 fracture surface 
displaying agglomerates of graphene.  
CONCLUDING REMARKS 
Three PETI-5 plates were produced with various levels of 
graphene nanofiller. The 0.08% mass graphene and PETI-5 
nanocomposite exhibited the highest improvement in fracture 
toughness. Graphene was clearly evident in SEM images of the 
fracture surface, which was made quasi-brittle with the addition 
of graphene. For this reason, the 0.08% mass graphene is the 
best option to be further tested with carbon fiber reinforcement 
for cryogenic fuel tank applications. 
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